We study the nonlinear dc response of a two-dimensional underdamped system of interacting atoms subject to an isotropic periodic external potential with triangular symmetry. When driving force increases, the system transfers from a disorder locked state to an ordered sliding state corresponding to a moving crystal. By varying the values of the effective elastic constant, damping, and temperature, we found different scenarios and intermediate phases during the ordering transition. For a soft atomic layer, the system passes through a plastic-channel regime that appears as a steady-state regime at higher values of the damping coefficient. For high values of the effective elastic constant, when the atomic layer is stiff, the intermediate plastic phase corresponds to a traffic-jam regime with immobile islands in the sea of running atoms. At a high driving of the stiff layer, a solitonlike elastic flow of atoms has been observed.
I. INTRODUCTION
A lattice of interacting particles driven over a pinning rigid substrate represents one of the most tractable models for studying the nonequilibrium behavior and dynamic phase transitions in a wide variety of condensed matter systems such as vortex lattices in superconductors ͓1,2͔, Josephson junction, charge-density waves ͓3͔, colloids ͓4͔, Wigner crystals ͓5͔, metallic dots ͓6,7͔, magnetic bubble arrays ͓8͔, and systems in tribology ͓9͔. In numerous experimental and theoretical studies, particular interest has been focused on the behavior, motion, dynamical phases, and structure of the lattice when driving force is varied. It was found that the system dynamics depends strongly on the main model parameters such as atomic concentration, pinning strength, and geometry of the substrate.
A number of studies are devoted to overdamped motion of an array of ͑repulsively͒ interacting particles over a random ͑quenched͒ potential of the substrate, first of all because this model describes an array of vortices in a dirty type II superconductor. The main control parameter in this case is the elastic constant g of the array ͑or the strength of the substrate potential if the interparticle interaction is kept fixed͒. For a very stiff layer, g Ͼ g el ͑or a very weak pinning potential of the substrate͒, the array is unpinned and begins to slide as a whole at any applied dc force. For a less stiff layer, g pl Ͻ g Ͻ g el , the array is pinned by the substrate and begins to move when the applied force F exceeds a threshold value F s ͑known as the static frictional force in tribology͒. At low driving, F տ F s , the motion proceeds through discharging of elastic instabilities and exhibits a stick-slip behavior. The locked-to-sliding transition is continuous ͑second-order͒ and reversible ͓10͔. The moving array preserves its topological order and slides as an elastic manifold. This regime is described by the collective pinning theory of Larkin and Ovchinnikov ͓11͔. The crossover value g pl increases with increasing system size and eventually vanishes for an infinite system ͓12͔ ͑in the context of tribology, this question was also considered by Sokoloff ͓13͔͒. When the driving force increases, the stick-slip regime continuously changes to a regime of smooth sliding. The low-temperature dynamics of an elastic manifold driven through random media was described by Vinokur et al. ͓14͔. In the case of a soft array, g Ͻ g pl , the system passes through three dynamical steady phases as the driving increases: the locked state at F Ͻ F s , the regime of plastic flow at F s Ͻ F Ͻ F g , and finally the regime of a homogeneously sliding array. In the plastic flow regime, the array splits into trapped regions separated by channels in which the particles flow plastically ͓15,16͔. The flow channels in an otherwise perfect pinned lattice may be described with the help of the generalized Frenkel-Kontorova model ͓17͔. The transition between the locked state and the plastic phase is continuous ͑second-order͒ at zero temperature and smooth at 0 Ͻ T Ͻ T m , when the locked state corresponds to thermally acti-*Electronic address: obraun@iop.kiev.ua vated creep motion ͑T m denotes the melting temperature of the 2D array͒.
The transition from the plastic phase to the sliding ordered phase, predicted by Koshelev and Vinokur ͓18͔, occurs due to a decrease of a "shaking temperature" T sh ϰ 1/v that emerges because of fluctuations of the array during its motion over the random potential ͑here v is the sliding velocity͒. This last transition is sharp ͑first-order͒ and hysteretic ͓19͔. According to Giamarchi and Le Doussal ͓20͔, the sliding phase corresponds to a "moving glass" phase, where the particles move along highly correlated static channels. The static structure factor demonstrates quasi-long-range translational order in the transverse direction ͑with a power-law decay of the peak height͒ but only a short-range order in the longitudinal ͑driving͒ direction, probably due to slips between neighboring moving elastic domains ͓21͔.
The two-step transition from the locked state to an ordered sliding state has been observed experimentally for superconducting flux lattices, although there is a debate whether the strongly driven ordered state corresponds to an ordered moving crystal ͓22͔ or a moving glass with smectic order ͓23͔ or both, depending on the driving force ͓24͔ and the stiffness of the array ͓25͔.
In recent years, particular interest has been focused on the dynamics of an array driven over a periodic substrate. These systems show a richer variety of dynamical plastic flow phases than those with a random substrate. The locked-tosliding transition in the overdamped driven two-dimensional Frenkel-Kontorova ͑2DFK͒ model with different symmetries of the substrate ͑with the square or triangular potential͒ has been studied by . Now the behavior of the driven system depends first of all on the dimensionless concentration ͑the so-called coverage͒, which is defined as the ratio of the number of atoms to the number of minima of the substrate potential.
In the commensurate case, when is a rational number, the critical depinning force is larger than in the incommensurate case, and the locked-to-sliding transition occurs in one step. This was shown, in particular, for the concentrations = 1, 6 / 7, 2 / 3, 1 / 3, 1 / 4, 1 / 6, and 1 / 7 driven over the triangular substrate, where the locked phase has an ordered structure achieved after annealing an initial random configuration, while the sliding phase corresponds to the moving crystal ͑the "elastic flow" phase͒ ͓27͔.
For an incommensurate coverage, when the annealed locked state is typically disordered ͓27͔, the locked-tosliding transition proceeds through several plastic flow phases ͓26,28͔. These phases depend strongly on the substrate geometry and result from the interaction of the interstitial atoms with the atoms at the commensurate positions. In spite of their complexity, two general types of flow can be identified: an elastic flow ͑a stable channel flow͒ of the sublattice of interstitial atoms and a chaotic or mixing flow when the motion of interstitial atoms is disordered. The transitions between these phases exhibit a hysteretic behavior and are characterized by jumps ͑dips͒ in the v͑F͒ dependence. At a low concentration, Ͻ 1, first vacancies or interstitial defects depin and move in one-dimensional channels; this corresponds to the plastic flow phase. Then with the increase of driving, the whole lattice starts to move, undergoing an ordering transition from the plastic regime to the elastic distorted triangular moving lattice ͓27͔.
For a high concentration, Ͼ 1, Reichhardt et al. ͓26͔ observed for the square substrate potential the following sequence of phases during the force increasing process: ͑i͒ the pinned phase; ͑ii͒ the phase where interstitial atoms begin to move between the pinned atomic rows; ͑iii͒ the motion of interstitial atoms becomes chaotic, and the pinned atoms begin to take part in the motion too, with any atom moving for a time and then being trapped again; ͑iv͒ the phase with ordered solitonlike one-dimensional flow due to kinks ͑local compressions͒ moving along the pinning channels; and, finally, ͑v͒ the sliding crystal phase. A similar and even more rich behavior exhibits an array driven over the rectangular substrate ͓28͔.
An interesting phenomenon has also been found when the direction of driving was varied ͓30͔. For example, for certain directions of the driving, a spontaneous symmetry breaking was observed for the overdamped system of repulsively interacting atoms on the triangular substrate. The atomic flow is not in the direction that is aligned with the external force but in one of the symmetry directions of the substrate. In the case of a square lattice, the change of the force direction can produce the series of dynamical mode-locking phases which forms the devil's-staircase structure ͓31͔.
Contrary to a large number of studies of the overdamped 2DFK model at zero temperature, a relatively small number of papers is dedicated to driven underdamped systems, especially at nonzero temperatures. The main new issue of the underdamped system is bistability: now an atom may possess a running state even before the minima of the total potential vanish because the momentum of the atom can help it to overcome the barriers. The behavior of the underdamped system is strongly affected by one more model parameter, the damping coefficient in Langevin equations, which describes the rate of energy exchange between the moving array and the substrate.
The locked-to-sliding transition in the one-dimensional FK model has been studied in a series of papers ͓32-36͔. It was shown that the transition to the running state occurs due to dynamical instability of topological excitations ͑kinks͒ at high velocities ͓33,37,38͔. A similar behavior exhibits the anisotropic 2DFK model, which may be treated as a system of weakly coupled 1DFK chains. As for the isotropic 2DFK model, it was studied for highly commensurate concentrations only ͓39͔. For a closely packed layer of = 1 with a low elastic constant, the transition to the sliding state is achieved via the creation of an avalanche of moving particles that leaves a depleted region in its wake, while for a stiff layer, an island of moving particles nucleates the transition. In the case of a half-filled layer, =1/2, the scenario is more subtle. Several dynamical phase transitions between states with different atomic mobility were observed, and the mobility of atoms as a function of the external force can vary nonmonotonically with increasing force.
The aim of the present work is a detailed study of the locked-to-sliding transition in the underdamped isotropic 2DFK model with the triangular substrate potential for a partially filled layer with ϳ 0.75, when the 1DFK system demonstrates the highest mobility ͓40͔. We will show that in the underdamped system, the scenario of the locked-tosliding transition strongly depends on the value of the damping coefficient. On the contrary, with an overdamped system where elastic flow appears for the commensurate case or for the structures with an ordered locked state, in an underdamped system even in an incommensurate disordered locked state the system transfers to the sliding state of a moving crystal at high driving forces. The plastic flow regime, commonly observed in overdamped systems, now may disappear or may exist as a transient state only. Novel phases may emerge for some range of model parameters, such as a disordered flow of atoms among the areas of immobile ones for a soft layer, or solitonic phases for a stiff layer. Finally, our simulation shows that the sliding state in the underdamped system always corresponds to a crystalline configuration. These results are especially important for tribological systems, where the mechanism of the locked-to-sliding transition determines frictional properties of a lubricant film ͓9,41,42͔.
The paper is organized as follows. The model is introduced in Sec. II. Simulation results are presented in Sec. III. Finally, Sec. IV concludes the paper.
II. MODEL
We consider a two-dimensional ͑2D͒ layer of particles with position vector u = ͑u x , u y ͒ subjected to a periodic substrate potential with the triangular symmetry as a generic example of isotropic 2D systems. The substrate potential is chosen in the simplest form,
͑1͒
where a x = a and a y = a ͱ 3 / 2 are the lattice constants. The function ͑1͒ is characterized by the isotropic minima organized into the triangular lattice and separated by isotropic energy barriers of height , as shown in Fig. 1 . The frequencies of atomic vibrations at the minima are isotropic, x = y = s ϵ͑ /2m͒ 1/2 ͑2 / a͒. Flat maxima of the potential ͑1͒ are organized into a honeycomb lattice.
We consider the case of an exponential interaction between the atoms,
where ␥ −1 is the radius of interaction. The repulsive interaction corresponds, for example, to atoms chemically adsorbed on a metal surface when, due to breaking of the translation symmetry in the direction normal to the surface, the atoms have a nonzero dipole moment which leads to their mutual repulsion ͓43͔. In the simulation we chose ␥ = a −1 , so that the interaction is short-ranged.
One of the main parameters of FK-type models is the effective elastic constant g eff = a 2 VЉ͑r 0 ͒ /2 2 , where r 0 is the average interatomic distance ͓32͔. This single dimensionless number gives an indication of the strength of the elastic constant of the atomic layer relative to the strength of the substrate potential. A value of g eff much smaller than 1 indicates a relatively weakly coupled layer. This situation may correspond, for example, to a monolayer adsorbed on a crystal surface. A value g eff տ 1 describes a stiff atomic layer compared with the substrate depth. For example, the case of dry friction between two blocks of material corresponds to this limit.
The equation of motion for the displacement vector u i ͑1 ഛ i ഛ N͒ is given by the Langevin equation,
͑3͒
where w = u x or u y . We use dimensionless system of units, where the atomic mass is m = 1, the periodicity of the substrate potential is a =2, and its height is = 2, so that the characteristic frequency is s = 1. The time scale that we use in the problem is defined in terms of the oscillation period of a particle in the substrate potential, s =2. The time scale could also be defined in terms of the oscillation period of an atom in the layer, 0 = s / ͱ g eff . The force F w = F x or F y is the externally applied force, while F rand w is the random force required to equilibrate the damped system to a given temperature T. In the present work, we consider a driving force acting in the x direction only, so that F x = F and F y =0.
The damping coefficient strongly determines the dynamics of the system ͓32-40͔. For a small applied force F, the total potential experienced by a particle possesses an array of local minima. Hence the particles are in the locked state and the system mobility B = ͗v͘ / F vanishes at zero temperature and is exponentially small at low temperatures ͑here v is the drift velocity͒. When F increases, the system will behave in different ways depending on the value of the damping coefficient. In the overdamped case, տ s , at some critical force F c the minima in the total potential vanish and the particle begins to slide over the corrugated total potential with a maximum mobility of B = ͑m͒ −1 so that the system is in the sliding state. In the underdamped case,
Ӷ s , the system may possess a sliding solution even before the minima of the total potential vanish. The numerical procedure used for solving the equations was the same as in our previous works ͓33-35͔. The atoms were first thermalized at zero force; then the force was adiabatically increased with the step ⌬F = 0.005, allowing a time of several hundreds of s ͑or 0 if 0 Ͼ s ͒ to equilibrate at each new value of force where the equilibrated configuration of positions and velocities was stored, allowing one to restart the simulation with a finer force step. In this way, the force was increased until one had moved through the transition. Once the transition had been located for the given system parameters, the atomic trajectories were examined with the help of the visual molecular dynamics ͑VMD͒ technique ͓44͔ to allow the identification of the scenario for the transition.
III. RESULTS
We modeled the atomic layer by N = 768 atoms placed randomly onto the triangular substrate of size M = M x M y =32ϫ 32= 1024, so that the dimensionless concentration is =3/4. The random initial configuration was then annealed. We analyzed the locked-to-sliding transition for different values of the elastic constant g eff ͑g eff = 0.0857, 0.257, and 0.857͒, the damping coefficient ͑ = 0.1, 0.3, and 1͒, and two choices of the temperature ͑T = 0.001 and 0.1͒. All quantities that we use are dimensionless. Figure 2 shows typical atomic configurations at the locked state for two values of g eff .
When the interatomic interaction is weak, as, e.g., for the g eff = 0.0857 case shown in Fig. 2͑a͒ , almost all atoms lie at the substrate minima. Among the areas with the perfect triangular structure, there are regions with vacancies and a small number of interstitial atoms. The interstitial atoms lie at positions between the pinning sites, where they are trapped due to the repulsion of interstitial atoms with those at the pinning sites. These interstitial atoms play a key role in the scenario of the locked-to-sliding transition, because they are the first ones that start to move and initiate the transition of the whole layer to the sliding state.
For higher values of the elastic constant, e.g., for g eff = 0.857 shown in Fig. 2͑b͒ , the structure of the locked state is more homogeneous, since due to the stronger interatomic interaction with respect to the substrate potential, the atoms may adjust their mutual positions by taking interstitial sites.
At high driving force the system is in the sliding state and takes an ordered homogeneous configuration as shown in Fig. 3 . In both cases of the weak or stiff layer, the sliding phase forms a moving crystal which consists of ordered domains and dislocation lines between them. When the interatomic interaction is stronger, the crystalline structure is more ordered. For example, for the g eff = 0.857 case shown in Fig. 3͑b͒ , one can clearly distinguish large ordered domains of different orientations.
For the underdamped system we always observed a transition from a disordered locked state to an ordered sliding state of a moving crystal. This is clearly seen from Fig. 4 , where we plot the static structure factor
where A is the area of the system and ͗¯͘ stands for averaging over time.
As we can see, in both cases S͑k͒ changes significantly in the sliding state. Although the appearance of two peaks at large k y in Fig. 4͑c͒ may be considered as an indication of a smectic order, in the VMD simulation we have clearly observed the crystalline flow ͓45͔. However, the scenario of the locked-to-sliding transition and the intermediate phases through which the lattice passes during the ordering transition are strongly determined by the values of g eff , , and T. In the simulations, we observed several phases that we define as follows.
͑i͒ The locked phase of immobile particles that is disordered and with homogeneity that increases with g eff .
͑ii͒ The plastic phase, where different portions of the lattice are moving with different velocities, or some are moving while others remain pinned. The plastic phase can be in the form of immobile regions in the sea of running atoms that we call the "traffic-jam" (TJ) plastic phase, or in the form of channels that we call the plastic channel phase. In the TJ plastic phase all particles are mobile, but at any moment a subset of particles spends some short time pinned and then continues to move again. In the VMD simulations, these pinned regions appear as entities that migrate in the direction opposite to the driving force. On the contrary, with the TJ plastic phase where all particles participate in the motion, in the plastic channel phase only one part of the particles is mobile while the other remains pinned for an extremely long time. In the simulation, one can observe the channels of crystalline or disorder flow separated by a channel of immobile particles. For some values of the system parameters, the channels of crystalline flow separated by the channels of disorder or TJ flow can also appear, but by changing the frame of reference one can go back again to the channels of mobile and immobile particles.
͑iii͒ The solitonic phase, where the motion of particles inside the row is not continuous but in the kink like or pulselike fashion.
͑iv͒ The moving crystal that represents an ordered homogeneous sliding phase. Figure 5 presents the B͑F͒ dependencies for the weak interatomic interaction g eff = 0.0857 and two values of damping = 0.1 and 0.3 at low and high temperature. We observed several intermediate phases during the locked-to-sliding transition.
A. Ordering transition of the weakly bound layer
As the force increases, at the low temperature T = 0.001, the system undergoes a sharp transition from the disordered pinned phase to the moving crystal phase. In the case of low damping, = 0.1 ͓see Fig. 5͑a͔͒ , the system transfers directly from the locked state to the sliding state without any intermediate steady-state regimes. At the fixed value of force that corresponds to the critical value F c Ϸ 0.415, we observed the whole process of transition during the time interval of our simulations. The atomic motion starts first in the regions with vacancies while the rest of the lattice is immobile ͓45͔. The mobile regions grow and spread mainly in the direction of driving force forming channels with very disordered flow of particles in the driving direction. This stage represents a typical example of plastic phase with channels of disordered flow separated by the regions ͑channels͒ of immobile particles. Further, the moving channels broaden in the y direction. During this process, the atomic structure inside the moving regions becomes more and more crystalline. The ordering starts first at the middle of a moving channel and then broadens in the y direction. At the same time the particles in the immobile channels begin to move chaotically. At the next stage of the plastic phase we observed a channel of ordered elastic ͑crystalline͒ flow and a channel with disordered flow of particles. With a further increase of time, the ordering spreads over the whole lattice and the system reaches the sliding state of a moving crystal. The whole lattice flows elastically and its structure is preserved during motion. At the high temperature T = 0.1, due to thermal fluctuations the locked-to-sliding transition starts at a lower value of the depinning force as one can see from Fig. 5͑a͒ . While in the low-T case the atoms in the locked state were immobile, at the high temperature the drift of atoms starts in the sea of thermally fluctuating particles. Then the scenario is similar to that of the low-temperature case. The moving regions appear at places with a lower concentration of atoms, where vacancies allow the atoms to move in the driving direction. Then a river of running atoms is formed, and its width grows. Finally, the system transfers to the crystalline sliding state, passing through the plastic phase.
For a higher value of the damping coefficient = 0.3 ͓see Fig. 5͑b͔͒ , the scenario of the transition is in general very similar to that of the = 0.1 case. Now the transition starts at a higher value of the force. When the force increases at the low temperature T = 0.001, the system again transfers first to the plastic phase before it reaches the crystalline sliding state. However, contrary to the previous case of = 0.1, now the plastic flow appears as a truly steady state. The B͑F͒ dependence shown in Fig. 5͑b͒ demonstrates a narrow step ͑only three points͒ at F Ϸ 0.64. This step corresponds to the plastic phase that in the time interval of our simulation appeared as a steady state ͓45͔. The atomic structure in this state is shown in Fig. 6 .
One can see a stationary channel of running particles ͑strips at the top and bottom of the figure; recall that we use periodic boundary conditions͒ separated by the channel of immobile atoms ͑wide region at the middle of figure͒. The distribution of atomic velocities P͉͑v͉͒ for different values of the local density is shown in Fig. 7 as a three-dimensional map. The distribution has two well-separated peaks, one corresponding to sliding atoms and another to immobile atoms. Also, this figure shows that immobile regions are characterized by a slightly higher local concentration of atoms.
Finally, at large driving the system transfers to the crystalline sliding phase.
At the high temperature T = 0.1, the plateau on the B͑F͒ dependence with a channel-like plastic steady state is destroyed. The locked-to-sliding transition is smooth as shown in Fig. 5͑b͒ . On increasing the driving force, the particles first start to move chaotically in the regions with vacancies. Among the areas with chaotic motion, there are immobile islands with thermally fluctuating particles ͓45͔. As one can see from Fig. 8 , the immobile islands resemble twodimensional "traffic jams" ͑TJ's͒ in the sea of running atoms. Note that a local concentration in the running regions is lower than in the regions of TJ's. As the force increases, the areas with disordered motion spread over the whole lattice, and we observe a very disordered flow of particles in the driving direction. At a higher driving force, the process of ordering begins, and the disordered flow transforms into the sliding crystalline phase.
If we increase the stiffness of the layer to the value g eff = 0.257, the scenario of the locked-to-sliding transition remains essentially the same, as one can see from Fig. 9 .
For the case of low damping, = 0.1, the only difference from the g eff = 0.0857 case is in the structure of channels at the low temperature: now we observed a formation of four channels, two channels of moving atoms separated by two channels of immobile particles. For the case of = 0.3 at the low temperature ͓see Fig. 9͑b͔͒ , a new intermediate disordered phase emerges at the beginning of the transition prior to the plastic steady state with channel flow. At F Ϸ 0.54, the mobility increases to the value B Ϸ 0.12 and remains approximately constant with further increase of the force. This plateau corresponds to a disordered flow of particles among the areas of the immobile ones ͓45͔, which again is reminiscent of the TJ regime ͑see Fig. 10͒ .
As the force increases further, the disorder phase transforms into the plastic-channel one at F Ϸ 0.615, which appears again as a steady state, at least in the time interval of our simulation. At this value of the force, we observed two moving channels ͓45͔, one wider channel of elastically moving particles and another channel with slower moving and less ordered atoms as shown in Fig. 11 .
Finally, at F = 0.62 the system transfers to the state of a sliding crystal. For the case of = 0.3 and the high temperature T = 0.1, the channel-flow regime is absent, and the locked-to-sliding transition proceeds through the TJ plastic flow regime.
B. Ordering transition of the stiff layer
The mobility as a function of the driving force for the stiff layer with g eff = 0.857 for two values of damping coefficient is presented in Fig. 12 .
Starting from the locked phase, we observed a disordering of structure when the driving force increases. For the low damping = 0.1 at the low temperature T = 0.001 ͓see Fig.   12͑a͔͒ , an intermediate phase appears at F Ϸ 0.12 when the system goes from the pinned state to the disordered steady state with low mobility B ϳ 0.1. At this phase, the atoms move chaotically around their pinning sites. Looking at atomic trajectories ͑see Fig. 13͒ , we may suggest that this state again corresponds to a TJ plastic regime with immobile islands surrounded by regions of slowly running atoms ͓45͔. Unfortunately, we were unable to study these TJ regimes in detail because of the too small size of our system.
The TJ disordered steady state survives until the driving force F Ϸ 0.34. Then the mobility increases and the system transfers to the ordered state of a moving crystal, passing through the plastic-channel regime. Contrary to the case of a soft system, in the stiff system the atomic motion in the rows is arranged in a solitonlike ͑pulse͒ fashion ͓45͔. The structure of sliding atoms for the stiff layer is shown in Fig. 14͑b͒ , where the occurrence of a kink ͑indicated by an arrow͒ is clearly seen. For comparison, Fig. 14͑a͒ ͓obtained by enlarging Fig. 3͑a͔͒ shows the rows of sliding atoms for the soft atomic layer.
For a larger damping = 0.3, the first plateau at B Ϸ 0.25 for 0.23Ͻ F Ͻ 0.54 again corresponds to the plastic TJ flow, but now atomic motion is essentially one-dimensional along the channels in the driving direction ͓45͔. The moving atoms strongly oscillate in the transverse direction but remain within their rows ͑see Fig. 15͒ .
The motion inside each row is similar to the 1D TJ motion in the anharmonic 1D FK model ͓36͔: inside a row, the system splits into closely packed immobile 1D islands ͑traffic jams͒ and less dense running domains. We observed that the less mobile regions are again characterized by a higher local concentration of atoms ͑see Fig. 16͒ .
As the driving force increases and reaches the value F Ϸ 0.6, the system continuously transfers to the next metastable state with B Ϸ 0.65 ͓the second well-defined plateau on the B͑F͒ dependence͔. The atomic structure of sliding rows at the second plateau is shown in Fig. 14͑c͒ . With the help of the VMD technique, we observed at this stage a formation of moving antikinks ͑local expansions͒ in each row. These antikinks form domain walls oriented in the y direction which move in the opposite x direction ͓45͔. With a further increase of the force, the system becomes more and more ordered and corresponds to elastic ͑crystalline͒ flow of particles.
At the higher temperature T = 0.1, when the transition starts from the state of thermally fluctuating particles, the scenario remains approximately the same, because the melting temperature of the stiff system is much higher.
C. Overdamped system
Also we studied the locked-to-sliding transition for the case of the high value of damping coefficient = 1, when the system is overdamped.
In the case of a soft atomic layer that is equivalent to the case of strong pinning, the system never reaches the sliding state for forces F ഛ 1. Due to the mutual action of strong pinning and high damping even at high driving force F Ϸ 0.8 and high temperature T = 0.1, the mobility of the system remains quite low, B Ͻ 0.4.
For the stiff atomic layer when g eff = 0.857 at T = 0.001, we observed the appearance of a plateau at F Ϸ 0.25 with B Ϸ 0.35 that corresponds to the TJ plastic flow.
As we can see from Fig. 17 , with a further increase of the force, the system remains in that phase with only a very slow increase of the mobility at higher driving. Even at the high driving, when in all previous cases we observed the transition to the state of a moving crystal, now we found a typical TJ plastic phase with very slow flow of particles around the islands of the immobile ones. This could be seen from the plot of the static structure factor at maximum driving force F = 0.8 in Fig. 18 .
At the high temperature, the situation remains generally the same. When the driving force increases, the system transfers from the sea of thermally oscillating particles to the TJ plastic phase with continuously increasing mobility. These results are in very good agreement with the results of Reichhardt et al. ͓26,27͔, where a detailed study of the locked-tosliding transition for overdamped systems with the concentrations Ͻ 1 was presented. For the triangular substrate, the system depins elastically for the commensurate atomic concentrations = 1, 6 / 7, 2 / 3, 1 / 3, 1 / 4, and 1 / 7, while for the incommensurate case the motion is plastic. 
IV. CONCLUSION
We have presented a detailed numerical study of the locked-to-sliding transition in the underdamped isotropic two-dimensional Frenkel-Kontorova model with a triangular substrate potential for a nontrivial ground state =3/4. Our results show that the system parameters, particularly the damping coefficient, play a crucial role in the scenario of the locked-to-sliding transition and determination of the structure of the sliding state.
When the driving force increases, the underdamped isotropic system always transfers from a disorder locked state to an ordered sliding state of a moving crystal. The scenario and the intermediate phases passing during the ordering transition strongly depend on the values of the system parameters such as the effective elastic constant, damping coefficient, and temperature. We found that the following distinctive dynamical phases could be present during the process of the locked-to-sliding transition: ͑i͒ the locked phase, ͑ii͒ the disorder TJ plastic phase, ͑iii͒ the plastic channel flow, ͑iv͒ the solitonic phase, and ͑v͒ the sliding state of a moving crystal.
For the weakly bound layer, g eff = 0.0857, in the case of low damping at low temperature, the system transfers directly from the disorder locked state to the sliding state of a moving crystal passing the transient plastic-channel regime that at higher damping appears as a truly steady state.
For the higher value of the effective elastic constant, g eff = 0.257, at the low temperature the scenario of the ordering transition remains essentially the same. The difference with respect to the lower values of g eff is more pronounced at higher damping. While at the low damping only the structure of the channels in the plastic flow regime is changed, at the higher value of damping a new intermediate TJ-like plastic phase emerges at the beginning of the transition prior to the plastic-channel steady state.
For the stiff atomic layer, g eff = 0.857, the system passes during the ordering transition through different intermediate disorder flow regimes. We observed two plateaus on the B͑F͒ dependence. The first steady state corresponds to a disordered TJ plastic phase with the immobile atoms in the sea of sliding atoms with low mobility. When driving force increases, the system transfers to the state of a moving crystal where, contrary to the case of soft systems, the atomic motion inside the rows is arranged in a solitonlike fashion. For higher damping, a new intermediate solitonic phase emerges prior to the elastic ͑crystalline͒ flow of particles. At this stage we observed a formation of moving antikinks inside the rows. These kinks form perpendicularly oriented domain walls which move in the direction opposite to the external driver.
At higher temperature, the depinning force decreases and the drift of atoms starts from a sea of thermally fluctuating particles. While for the stiff atomic layer the scenario of the transition remains almost the same, for the soft system and at the higher value of damping, the plastic channel flow regime that existed at low temperature is destroyed. When driving force increases, the system transfers first from the locked state to the disordered TJ plastic regime and then to the sliding crystalline phase.
When the system is overdamped, the lattice can depin only in the case of strong interatomic interaction ͑g eff = 0.857͒. For the soft atomic layer ͑g eff Ӷ 1͒, the mobility remains at a low level even at the high value of the driving force ͑F Ϸ 0.8͒. We observed the transition from the locked state to the disorder TJ plastic flow which retains this structure even at very high driving force. Thus, our results for the = 0.75 case are in agreement with previous studies ͓26,27͔ and confirm that in the overdamped system at incommensurate concentrations the motion is plastic at high driving.
Although we have considered only one value of the concentration, our results should be qualitatively valid for a general case of incommensurate systems with 0.5Ͻ Ͻ 1. While the studies of the overdamped motion have applications in such areas as dynamics of vortex lattices, charged density waves, colloidal suspensions, and magnetic bubble arrays, where already a lot of experimental works have been done, the studies of underdamped motion are of great importance for tribology ͓9,41,42͔. The studies of the mechanism of the locked-to-sliding transition could give a great contribution to understanding the phenomena of friction and lubrication between two flat macroscopic surfaces on atomic scale. Since solid-state physicists and chemists have only recently begun to study the microscopic friction, new experiments and theoretical approaches are needed in order to complete these studies.
